Introduction
The accumulation of potentially toxic hydrocarbons in our soil and water systems is a growing problem. Many hydrocarbons enter the environment as a result of the biodegradation of natural materials such as lignin, a complex polymer component of plant cell walls. However, others, such as industrial waste products, residues from pesticides and herbicides, and emissions from the normal activities of our modern industrial civilization, are of particular concern because they are often toxic and/or carcinogenic, and many are highly stable and resistant to degradation. We are fortunate that micro-organisms can metabolize a wide variety of these aromatic substances for use as sources of carbon and energy. It is hoped that the study of these microbial degradative pathways will lead to the development of processes for degrading some of the more recalcitrant compounds, and also will help us to learn which types of compound that we might use in domestic and industrial processes will be amenable to biodegradation.
Similarities and diversities among the degradative pathways for several common aromatic compounds are highlighted in Figure 1 . Significant in microbial metabolism is the presence of both aerobic and anaerobic pathways for the degradation of the same compound, as is shown for benzoate and toluene. Toluene, in particular, exemplifies the variety of metabolic routes by which a single compound can be utilized as a carbon source. Elucidation of anaerobic pathways is in the early stages, but one common pathway (Figure 1 , below the dotted line) involves conversion to benzoyl-CoA, followed by aromatic ring reduction and cleavage to yield acetyl-CoA [1] . Aerobic pathways are much better understood (Figure 1 , above the dotted line), and generally proceed via initial O 2 incorporation to the benzene ring to form catechols, which are subsequently cleaved in a second O 2 -dependent reaction (see below and Chapter 11 in this volume). Regardless of the pathway followed, aromatic compounds are converted to aliphatic products that enter into intermediary metabolism for use in biosynthetic pathways or for the generation of energy. An excellent overview and source of references of major hydrocarbon 32 Essays in Biochemistry volume 34 1999 Intermediates common to several pathways are shown in boxes. Heavy lines indicate major metabolic products that result from the given aromatic compounds. These products participate as energy sources in the hosts. 
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Oxygen activation at non-haem iron centres
Oxygenases often employ a transition metal, in the form of a mononuclear, binuclear or haem centre, or an organic cofactor, such as flavin, to facilitate O 2 activation. Iron and copper are the most commonly used metals because, in their lower oxidation states, these metals can form complexes with O 2 , substrate or both, and affect the electronic structure of the bound moiety to alter its reactivity. Complete reduction of O 2 to water proceeds by four sequential one-electron steps, as shown in the top portion of Figure 2 . Of greatest significance to biological modes of O 2 activation are the one-and twoelectron reductions to superoxide and peroxide, respectively. Reduction of O 2 in the presence of iron is typical of metal-assisted reactions ( Figure 2 oxyferrous complex 1 (see Figure 2) . Reduction of the metal-bound O 2 to superoxide does not require input of additional electrons; instead, delocalization of electron density from Fe(II) to the bound O 2 (analogous to a one-electron reduction) results in a ferric-superoxide complex 2. Reduction of species 2 yields a ferric-peroxide complex 3, and protonation forms a ferrichydroperoxide complex 4. Metal-peroxo species can be end-on as shown, or side-on as discussed later. Although species 2, 3 or 4 are potential candidates for oxygenating substrates, the oxygenation of unreactive hydrocarbons or aromatic compounds is usually thought to require a high-valency oxo-species 5, formed by the cleavage of the O-O bond in species 4. Either heterolytic or homolytic cleavage can occur, depending on the nature of the site; homolytic cleavage is shown in Figure 2 . This process is discussed more fully in Chapters 4 and 5 in this volume on peroxidases and cytochrome P450. The reduction of O 2 requires a source of electrons. Oxygenases can accept electrons not only from external reductants such as reduced pyridine nucleotides [e.g. mononuclear Fe(II) aromatic-ring dioxygenases], but also from the substrate itself (e.g. catechol dioxygenases), or an associated organic cofactor such as a pterin (e.g. aromatic amino acid hydroxylases). Examples of four major classes of non-haem iron-containing enzymes involved in aromatic oxygenations are shown along with their sources of electrons in Table 1 . These non-haem iron oxygenases exhibit rich diversity in structure and mechanism, each employing several of the intricacies assisting O 2 incorporation described above.
Catechol dioxygenases
Catechol oxygenases incorporate both atoms of a single O 2 molecule into a catechol substrate [2] . Figure 1 shows how the formation of catechols is common in the biodegradation of aromatic compounds. The action of the catechol dioxygenases results in fission of the aromatic ring to yield aliphatic products. This catecholic ring cleavage can proceed via either of two routes: (i) intradiol dioxygenases employ Fe(III) to break the C-C bond between the hydroxy groups; or (ii) extradiol dioxygenases employ Fe(II) to break the C-C bond adjacent to the hydroxy groups; see Table 1 for the general reactions. At first glance the oxidative C-C bond-cleavage reactions catalysed by the extradiol and intradiol catechol dioxygenases may appear similar, but studies have shown the mechanisms to be quite different [2] . In the case of the intradiol dioxygenases, Fe(III) is proposed to co-ordinate to the substrate and activate it for attack by O 2 ( Figure 3A ). In contrast, in the extradiol dioxygenases, both substrate and O 2 co-ordinate the Fe(II) site concurrently ( Figure 3B ), and it is the O 2 that is activated to attack the benzene ring. External sources of electrons are not required for either intradiol or extradiol mechanisms because the substrate supplies both electrons. Catechol dioxygenases are described in more detail in Chapter 11 in this volume and will not be discussed further here.
Mononuclear Fe(II) dioxygenases (Rieske oxygenases)
Dihydroxylation is commonly the first step in the aerobic microbial degradation of unactivated benzene rings. The resulting non-aromatic product (a cis-diol) is converted by a dehydrogenase to a catechol with concomitant reduction of NAD to NADH; a catechol dioxygenase then cleaves the ring as described above. Benzene, benzoate, toluene, naphthalene and phthalate are representative of a variety of compounds (more than 40 such systems have been identified) that can be metabolized in this way. When the reaction occurs with a halogenated aromatic compound, the resulting diol often re-aromatizes by eliminating HX (XϭF, Cl or Br), which contributes to the detoxification process. Oxygenation occurs at a mononuclear Fe(II) site that has structural and sequence similarity with several enzymes recognized recently as a family [2] of oxygenases, as discussed in the following sections. All of the Fe(II)-containing aromatic cis-diol-forming dioxygenases are multicomponent systems that, in addition to an oxygenase, require one or two electron-transfer proteins to shuttle electrons from NADH to the site of oxygenation [3] . These electron-transfer proteins utilize flavins (flavins can accept a hydride from NADH and transfer the two electrons, one at a time, using the flavin semiquinone as an intermediate) and [2Fe-2S] centres to shuttle electrons from the flavin to the site of oxygenation. The cis-diol-forming dioxygenases are classified according to the number and cofactor requirements of the associated electron-transfer proteins ( Table 2 ). The phthalate dioxygenase (PDO) system from Bulkholderia (Pseudomonas) cepacia is a class-I system (the simplest type) that has been characterized extensively and has served as a spectroscopic and mechanistic model for other cis-diol-forming dioxygenases [4] . This two-component system consists of a 36-kDa FMN-and ferredoxin-containing reductase (phthalate dioxygenase reductase or PDR) [5] that serves to transfer electrons from NADH, and a 200-kDa homotetrameric oxygenase (PDO) that contains a Rieske [2Fe-2S] centre [6] and a mononuclear Fe(II) site (Figure 4) . Thus, each subunit of PDO contains three irons, two in an [2Fe-2S] cluster, and a third at a distinct site proposed to be the site of substrate oxygenation. The [2Fe-2S] clusters of this and other oxygenase components of this class exhibit higher redox potentials and considerably different spectroscopic properties than the clusters of typical plant-type ferredoxins, such as that present in PDR [5] . Instead, they closely resemble the Rieske centres found in the bc 1 components of respiratory chains, and thus these oxygenases are often referred to by the trivial name, Rieske oxygenases. The different chemical and spectroscopic properties of the Rieske centre largely result from the substitution of two histidines for two cysteines at one iron of the [2Fe-2S] cluster [6] . The very recent elucidation of a crystal structure for the related Rieske oxygenase, naphthalene 1,2-dioxygenase (NDO), confirms this assignment of the [2Fe-2S] ligands [7] . The PDO system catalyses the first step in the breakdown of phthalate [8] , forming exclusively cis-4,5-dihydroxydihydrophthalate (see reaction 4). This non-aromatic product is converted in a two-step process to protocatechuate, a common intermediate of several biodegradation pathways (Figure 1 ). Protocatechuate is cleaved to an aliphatic product by protocatechuate dioxygenase; see Chapter 11 in this volume.
Structure of the mononuclear iron centre
The mononuclear Fe(II) is essential for catalytic activity [4] and is proposed to be the site of O 2 binding, activation and substrate hydroxylation. EXAFS (extended X-ray absorption fine structure spectroscopy) measurements suggest that Fe(II) is ligated exclusively by nitrogen and O 2 donor ligands [9] . Crystal structures have recently been determined for five other non-haem Fe(II)-containing enzymes that catalyse O 2 -dependent reactions, including the extradiol catechol dioxygenase, 2,3-biphenyl 1,2-dioxygenase [10] , lipoxygenases from rabbit [11] and soya bean [12, 13] , isopenicillin N-synthase [14] , and tyrosine and phenylalanine hydroxylases [15, 16] . In each of these structures the mononuclear Fe(II) site has a mixture of histidyl, carboxylate and solvent-derived water ligands. Sequence alignments of several cisdiol-forming dioxygenases identified a highly conserved region (WX 4-5 EX 3-4 DX 2 HX 4-5 H; where bold indicates residues nearly always found in these sequences) containing two potential carboxylate donors and two histidines that were proposed to be mononuclear site ligands [3, 17] . Sitedirected mutagenesis of each of the equivalent residues by alanine in the related toluene 1,2-dioxygenase enzyme resulted in total loss of activity, suggesting that these residues were ligands to Fe(II) [18] . Even with this information, largely because of the inadequacy of most spectroscopic techniques for investigating Fe(II), a detailed structure of the mononuclear site proved elusive for many years. Only now, with the crystal structure for NDO [7] , can we begin to assign ligands to the mononuclear metal site with some degree of certainty. The mononuclear site of NDO is co-ordinated by an amino acid motif (HX 4 HX 148 D) and a single water molecule ( Figure 5 ). Sequence alignment identifies a similar motif (HX 4-5 HX 138-157 D) in several Rieske dioxygenases, but the exact assignment, especially of the final aspartate (or glutamate), is uncertain for most of these oxygenases. The NDO structure also shows that the glutamate in the initially recognized sequence is not very near the iron, but may be important in subunit interactions, whereas the aspartate, although not a ligand, hydrogen bonds to the first ligating histidine [7] . Nevertheless, both analogous residues are critical to the function of toluene dioxygenase. This shows how it can be folly to assign ligands to a metal based solely on sequence analysis. Fe(II) can readily be removed from the mononuclear site of PDO and replaced by various divalent metals, including Cu(II) [4] , which can be used as a spectroscopic probe for investigating ligand structures. Although the resulting protein is catalytically inactive, it is structurally very similar to native PDO, implying that the copper binding is similar to that of Fe(II). EPR spectroscopy has been used to examine various preparations of PDO reconstituted with 63 Cu(II) [19] . The 3/2 nuclear spin (Iϭ3/2) of Cu(II) gives rise to EPR signals with four well-defined hyperfine lines (2Iϩ1ϭ4) on both the g-parallel (low-field) and the g-perpendicular (high-field) EPR absorbance bands. These copper hyperfine lines can be split further by interactions with ligands that contain nuclei with nuclear spins, such as 14 N (Iϭ1), which gives super-hyperfine resolution. Each of the four g-parallel lines of Cu(II)PDO can be clearly resolved into five components of relative intensities; 1:2:3:2:1 ( Figure 6 shows the super-hyperfine splittings of one of the g-parallel lines). These five bands are consistent with the presence of two nitrogenous ligands (2nIϩ1ϭ5), where nϭ2. When 15 N (Iϭ1/2) is present in all amino acids [the bacteria were grown with ( 15 NH 4 ) 2 SO 4 as its nitrogen source], as predicted, the copper superhyperfine for Cu(II)PDO has only three peaks with relative intensities 1:2:1 (2nIϩ1ϭ3, nϭ2), as shown in Figure 6 . Cu(II)PDO in which only the nitrogens of histidine have been uniformly labelled with 15 N also exhibited three components (1:2:1). These results provide direct evidence for the ligation of two histidines to copper bound at the mononuclear site.
Mechanism
In addition to cis-dihydroxylation reactions, Rieske oxygenases can catalyse mono-oxygenase reactions; for example, naphthalene 1,2-dioxygenase catalyses the conversion of indane to indanol [20] and putidamonooxin primarily functions as an o-demethylase [21] . These observations suggest that a common form of active O 2 may be responsible for both mono-and dioxygenase reactions, but that the type of oxygenation is determined by the nature of the substrate and how it is bound at the active site. The haemcontaining family of enzymes, collectively called the cytochromes P450, are considered the prototypical mono-oxygenases (see Chapter 5 in this volume). They catalyse a diversity of reactions, including hydroxylation of aromatic compounds and o-demethylations. Rieske oxygenases and cytochrome P450 both require NAD(P)H, O 2 and substrate for activity, and in the presence of substrates that are mono-oxygenated, exhibit identical reaction stoichiometries:
Considering the similarities in both the reactions catalysed and the overall stoichiometries, a mechanism similar to that widely accepted for the cytochrome P450 has been proposed for the Rieske oxygenases; see Figure 7 . The cycle consists of three individual stages: substrate binding, O 2 activation and substrate oxygenation. Convincing evidence in support of an initial decrease in co-ordination number of the 6-co-ordinate Fe(II)-resting state 6 (see Figure 7) to a 5-co-ordinate substrate-bound form 7 has been presented [9, 22] . The loss of a metal-co-ordinating ligand, most likely H 2 O or OH -, opens up a site for O 2 to bind (oxyferrous; 8). As shown in Figure 2 , electron density can shift from Fe(II) to O 2 , generating ferric-superoxide species 9. Transfer of an electron from NADH via PDR and the Rieske [2Fe-2S] centre (Figure 3 ) reduces the bound superoxide to peroxide 10. The binding may be either side-on or end-on as shown. The hydroxylation of non-optimal substrates results in deviation from the stoichiometry shown above. Instead, the amount of hydroxylated product decreases and hydrogen peroxide is produced, presumably from the protonation of species 10. In catalysis, cleavage of the O-O in species 10 generates a strongly oxidizing high-valency oxoferryl [Fe(IV)ϭO] species 11, analogous to the proposed oxygenating compound-I-like species of P450. This species might abstract an electron from the substrate and release a proton to finish the O 2 transfer. Displacement by water completes the cycle. Of course, this mechanism is only speculative, with no intermediates beyond 7 having been observed for PDO or any other Rieske oxygenase.
1 mol NAD(P)Hϩ1 mol O 2 1 mol productϩ1 mol H 2 Oϩ1mol NAD(P) 
Fe(II)-pterin-dependent hydroxylases
Almost 30 years ago, three enzymes that catalyse the aromatic ring hydroxylation of mandelate (reaction 5), benzoate (reaction 6) and anthranilate (reaction 7) were identified (reviewed in [23] ). The activity of each was shown to be Fe(II) dependent and could be greatly stimulated by the addition of a reduced pterin cofactor. The method by which pterin enhances activity is not understood.
Relatively few reports have appeared in the literature since then. While not strictly involved in biodegradation of aromatic compounds, the aromatic amino acid hydroxylases, namely tyrosine, phenylalanine and tryptophan hydroxylases, also catalyse a single hydroxylation of an aromatic ring in an Fe(II)-and pterin-dependent fashion [23] .
Structure of the iron centre
The first crystal structures of pterin-containing enzymes, tyrosine and phenylalanine hydroxylases, have recently been reported [15, 16] (see Figure 5) . The mononuclear Fe(II) site in each of these enzymes is ligated by an identical amino acid motif (HX 4 HX 39 E; which is similar to that of NDO). However, in the absence of amino acid sequences for the mandelate-, benzoate-or anthranilate-hydroxylating systems, it is impossible to know if a similar coordinating motif is present in these enzymes. 
Mechanism
A mechanism for Fe(II)-pterin-supported hydroxylations may be proposed based on the current understanding of the aromatic amino acid hydroxylases ( Figure 8 ). The active site of the resting form of the enzyme (12, see Figure 8 ) consists of the reduced tetrahydropterin, which serves as the source of electrons and probably participates in activating O 2 , and the mononuclear iron in the Fe(II) oxidation state. Addition of O 2 is proposed to generate the Fe(II)-4a-peroxypterin intermediate (13) . Heterolytic cleavage spawns a 4a-hydroxypterin (14) and a high-valency oxoferryl [Fe(IV)ϭO] species, which is proposed to be the active oxygenating agent, as proposed previously for the P450s and Rieske oxygenases. Upon oxygenation of the aromatic substrate, the 4a-hydroxypterin is released from the enzyme, and it loses water (often aided by a dehydratase) to form oxidized pterin (15) . The pterin is re-reduced enzymically to tetrahydropterin, and then it binds again to the enzyme to participate in another round of catalysis. Although this reaction is classified as an intermolecular dioxygenation (reaction 3), the incorporation of one atom of oxygen into substrate while the other forms water (because the hydroxypterin dehydrates) makes it appear to be a mono-oxygenation (reaction 1). The mandelate, benzoate and anthranilate hydroxylases are likely to utilize similar mechanisms, but detailed studies of these enzymes have not been reported.
Di-iron-oxo mono-oxygenases
Non-haem, non-sulphur, di-iron-oxo clusters are involved in several monooxygenases; in addition, they participate in functions as diverse as reversible O 2 binding, iron regulation and production of reactive radicals in ribonucleotide reductases [24] . Crystal structures are available for several diiron-containing proteins, including haemrythrin ( [25] ; see also Chapter 6 in this volume) and methane mono-oxygenases (MMOs) [26] . MMO is the most thoroughly studied di-iron mono-oxygenase [24] ; other such oxygenases include toluene 2-, 3-and 4-mono-oxygenases, which catalyse ortho-(reaction 8), meta-(reaction 9) and para-hydroxylations (reaction 10), respectively (reviewed in [24] ):
These di-iron-oxo-cluster-containing toluene mono-oxygenase systems constitute alternative pathways to those provided by the Rieske oxygenases for the biodegradation of toluene. Although methane is a small aliphatic compound, MMO has also been shown to exhibit activity towards toluene, catalysing several reactions analogous to the di-iron-oxo-cluster-containing toluene hydroxylases. The di-iron clusters of these mono-oxygenases must form potent oxidants to be able to carry out catalysis; for example, the conversion of methane to methanol catalysed by MMO is one of the most energetically demanding reactions in all of biology [24] . All of these systems have similar components, including redox-active proteins for transferring electrons from NADH to the oxygenase, and the oxygenase components have homologous sequences that are appropriate for forming di-iron-oxo centres. Three other related systems also utilizing di-iron-oxo centres are the alkane hydroxylase, certain phenol hydroxylases, and the stearoyl carrier protein ⌬ 9 -desaturase. The latter forms cis-double bonds in fatty acids, utilizing NADPH and O 2 , while releasing 2H 2 O. These are reviewed in [24] .
Structure of the di-iron centre
In each of the di-iron clusters so far determined, the metal atoms are ligated by histidines and carboxylates in varying ratios [27] . Spectroscopic studies have confirmed that toluene 4-mono-oxygenase (reaction 10) contains a di-iron-oxo cluster [28] . Crystal structures are not available for toluene 2-, 3-or 4-mono- [28] . A possible structural representation of the di-iron site of toluene 4-mono-oxygenase, based on the reported MMO structure and the amino acid sequence of the toluene 4-mono-oxygenase from Pseudomonas mendocina, is shown in Figure 9 .
Mechanism
In recent years an incredible amount of mechanistic data has become available for MMO, whereas the toluene mono-oxygenases have only recently been identified [24] . It is expected that if toluene 4-mono-oxygenase and MMO have structurally similar di-iron sites, they may also have similar mechanisms. A possible mechanism for MMO-supported hydroxylation is presented in Figure 10 [29]. Initially, the diferric state (16, see Figure 10 ) is reduced by two electrons to form the diferrous state (17) . This involves considerable change in the ligation structure, with the ligation at the irons transforming from 6-coordinate to 5-co-ordinate. Oxygen then binds to both iron atoms to generate the diferric peroxo intermediate P (for peroxo; 18) . Homolysis of the O-O bond results in the diamond core-structure intermediate Q (19) , which may be thought of as consisting of two Fe(IV)ϭO units (20) [29] . This high-valency iron-oxo compound is thought to hydroxylate the hydrocarbon in a process analogous to that for cytochrome P450 (see Chapter 6 in this volume). The bridging carboxylate (E134 in Figure 9 ) is likely to be the keystone for maintaining the integrity of the di-iron centre during the ligation changes that are thought to occur during catalysis. Di-iron-oxo enzymes also carry out hydroxylations of alkyl groups, such as side chains of aromatic compounds, as shown in reaction 11 [30, 31] , and desaturations of fatty acids (for example, stearoyl CoA to oleyl CoA) [32] . The 
Conclusions
Oxygenases employing non-haem iron centres are prevalent in the bacterial degradation of aromatic compounds. Ferrous centres are frequently utilized to bind and activate O 2 for reaction with rather unreactive compounds. In all of the cases mentioned in this Chapter, it can be noticed that the ligands are principally histidines, carboxylates, amides and water. These ligands frequently form weak bonds with metals, and may thereby permit flexibility in the ligand environment necessary for the iron sites to undergo configurational and conformational changes during catalysis. Note that the mechanisms discussed above all invoke fairly substantial structural rearrangements around the iron during oxygenation. These types of rearrangement may be important in promoting these difficult dioxygenations and mono-oxygenations, as well as desaturation reactions at non-haem iron centres.
Perspectives
This review has focused on non-haem iron oxygenases involved in the biological degradation of aromatic compounds. The enzymes of these pathways exhibit rich diversity in substrate specificity, structure and mechanism. Whereas our understanding is constantly improving, much remains to be learned. Crystal structures have not been determined for many of the enzymes described in this review, and the mechanisms proposed rely strongly on the small number of structures available. Thus new structures will be invaluable in delineating more precise mechanisms. Spectroscopy has been and will continue to be important in detecting intermediates and elucidating structures of species in these reactions. The potential of using these enzymes for bioremediation is tremendous; nearly all aromatic compounds can be metabolized by some micro-organism or another. Molecular biology is currently being employed to genetically engineer new breeds of 'super enzyme' with altered substrate specificity and more potent oxidizing potentials. Successful engineering of these enzymes will depend on the careful determination of the structural and functional roles of the proteins involved. We are grateful for a grant from the National Institutes of Health, no. GM20877.
Summary
